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NATICMAL ADVISORY COMMITTEE FOE AKF.0HAUTICS 

EKSEARCK MTCMOKAMEUM 

KHEüLT3 OF SRELXJOTAKY FIJGKT TNVTSTIGATIOTR OP AKTIOTFXHAMRC 

CEAHACTEFJHTICS OF TD3 NACA WO-STAGE QUPEBSCNIC KLSEAKOI 

MOEEL KM-1 STABILIZED III ROLL AT THAMSOMIC AND 

SUFEBPOHIC VELOCITIES 

By Marvin Pitlrtn, William W. Gtrduer, ana. EcwmM J. Cuvfnian, Jr. 

SUMMAKY 

The design of a ttfo-Btsip.e, aoiid-fuol, rod»i-oiiOr»]left, 
general research pilotleoe aircraft (T<M-l) auifcabXt i"o:.* invostisating 
stability and. control at su^aroonic volo«itic3 ia dincussed.    The 
flight-tect Investigation conducted thus far ia discussed and 
information in presented on aero-lcrif^ii launchers anil operational 
flight-tost techniques of tvo-sta :u rocktsta. 

The flljht-toat ^rojraii tiiun far io shown to Live >-eaulted in 
tho deaigi of a eeneral i-oaearch Kicdol ca;*iblo of i-tttiining velooitieB 
vp to the velocity' corraar'ondin,*; to a Mach r.uwbei' of X*h.   Suitable 
launching nwüiode have been devised and cuccescfuj. ir-dai' ti-acMns 
and internal radlo-trpnsrilaaioTi of acceleration du'to, p-'esjiir« do.ta, 
and tody notions have beon accomplished. 

TJoBults of initial fliaJ't teats confim the theoretical nrLvwtaga 
of awopt-back-wins ?lan forma.    Uoe of wiiv^o and finn swept bick 1+5° 
dolayed the critical drag riee to c. Mach muibei' of a^nroadaatolj 0.9. 
Successful roll stabilization by raeans of a rate-diBplnceinont, fllclaer- 
tyie, all-electric o.utonr'.ti« pilot was accomplis'ie* for Mach maribora 
v.p to apx&'oxiS'Atoly 1.0.    Information concerning the ovor-Hll drag 
characteristics of the TM-1 model at eubncuiCj trvnacni«, •d super- 
aonic velocities iG presented and diacuaaed. 

The results of the testa Show cloao agreement aiaong tiiree 
experimental methods of ueaouring tranaonic and atrporaonlo valocitiee. 
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In recent years, It has becosie evident tiiat a critical ana 
urgent need existed for increased research on ai^-craft at transonic 
and supersonic velocities. During World War II, ehe accelerated 
development of Jet propulsion and rocket motors resulted in the 
creation of power plants capable of propelling airplanes and guided 
missiles at super saiic velocities provided the aorodsTiainic and 
operational requirements of such aircraft were laiow.it It was 
recognized at this time that pilotleas aircraft, hithorto utilized 
solely ao military weapons, offered one of the 1'ow means of examining 
the actual flight characteristics of airplanes at very high speeds. 
Such aircraft could be built to fly at supersonic volocitios without 
endangering human life, and it was believed that technlouos could 
be devised to measure fundamental aerodynamic end operational flight 
data and to transit those data to ground stations« 

Because of the forecoing considerations, the filotless Aircraft 
Research Division of the Langloy Memorial Aeronautical Laboratory 
was created in May 19**-^ for the purpose of obtaining fundamental 
aerodynamic and operational data at trrjisonic end Buperocnic velocities 
by conductiriG i"esearch on pllotless aircraft in fli;>it. In order to 
accomplish this purpose, engineering facilities were made available 
at Langley field, Vs.., and a test station was set \n> on Wallops Island, 
Ta. 

Hie first of several research airplanes to be designed was the 
KM-1 configuration, a two-stage, rocket-propelled aircraft designed 
to investigate stability and control problems in transonic and super- 
sonic fli^Jit. A flight-test program of broad general scope was then 
started. Parts of this flijjit-test prograu have been completed» The 
present paper is concemec1. with the results of flight tests made to 
develop oucceaoful ls.unchin3 and operational techniques and with 
the sicnificance of the data obtained in tests of an KM-1 model 
stabilized in roll flyinc at volocities up to those corresponding to 
a Mach number of 1-h.   A discussion is also presented of the over- 
all design and development of the test models» 

SYMBOLS 

V      grow «sight of missile at any given time during flight, pounds 

K       MUM, slugs    (W/g) 

g  acceleration of gravity, 32.2 feet per second per second 
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HACA EM No. L&J23 COMFIIENTIAI. 

L lift normal to longitudinal body axis of EM-1 model» pounds 

T thrust along longitudinal tody axia of EM-1 model, pounds 

D drag alon^ longitudinal body axis of HM-1 model, pounds 

a. absolute longitudinal acceleration refer.vod to X.M-I body 
axis, feet per second por second 

ajj absolute noimal acceleration referred to KM-1 body axis, 
feet per second por second 

y flight-path angle, degrees 

t time, seconds 

At time increment, seconds 

AV velocity Increment, feet per Becond 

&7 flight-pa Hi »ancle increment, decrees 

€ launching angle, degrees 

0 angle of bank, degrees 

ß rolling acceleration, radians per second per second. 

K Mach number (v/c) 

• Telocity, feet per second 

o sonic velocity, feet per Becond 

p, static pressure In free airstream, pounds per square foot 

jf% total pressure behind a normal shock, pounds per square foot 

B total pressure in free stream, pounds per square foot 

1* wvTtimnti frontal area of HM-1 model, square feet 

8 combined exposed area of wings and tail of BM-1 model, square feet 

p static pressure at altitude, pounds per Bquare foot 

© 
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i*l 

k  ratio of specific heat at constant pressure to Bpecific heat 
at constant volume 

Oj) drag coefficient 

A aspect ratio baaed on exposed area and Bpan 

A angle of swoepback, degrees 

ly, moment of inortia, slug-feet2 

AHALT553S OF TOOBIEM 

The purpose of the present investigation was to design and 
place into operation a general research aircraft that could be used 
to investigate sterility end control problems in transonic and super- 
sonic flicht. 

Preliminary analyses indicated tliat the problems of lateral 
control and stabilization of high-speed aircraft wore likely to be 
most preeeinR because of the low rolling inertias and lew rotary 
aerodynamic damping characteristics of thoBe designs. Consequently, 
It vas decided to attack these problems first. 

Tlie over-all plan involved tiiree basic etages. First, the 
model had to be designed to attain as hifh a spee* as was practi- 
cable with existent facilities and knowledfjc. Second, r>. preliminary 
flight-teet program waa necessary to solve any operational diffi- 
culties and to establish correct launching techniqy.ee. Theee tests 
Involved use of noninstrumsnted, or dummy, modolB. After these two 
stages of development were accompliehod, it was planned to equip 
Hie models with instrumentation of various types capable of meas'iring 
stability end control phimoraana. Bais sta^o, in particular, required 
the development and flight testing of an adequate telemetering system. 
Once this aim was accomplished, it vas felt that tho BM-1 design would 
be ready for research teets of various types of automatic pilot and 
control• 

», 

USIGM FOB SUPERSONIC VELOCITIES 

An adequate propulsive system, low aerodynamic drag, and strict 
weight control are the determining factors in the attainment of super- 
sonic velocities. Übe problem confronting the designer was that of 
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KACA BM No. I&J23 CCUFITENTtAL 

designing an aircraft vhloh vould embody these factors and yet 
have adequate structural strength and space for Instrumentation, 
end vhich vould be easy to modify* 

Propulsive System 

Besearch tests require the development of high speeds only 
for the time Interval necessary to measure the phenomenon under 
investigation.   Consequently, a propulsive system Insuring long 
flight range or duration was not necessary.   This consideration 
eliminated the more involved types of Jet-propulsion system 
(such as liquid-fuel roclrets or reai-Jet systems), sr.cL solid-fuel 
rockets were chosen as a propulsion source•    In order to simplify 
instrument construction and operation, it vas desired to Izeep 
launching and flicht accelerations to relatively low values. 
Rockets of relatively low thrust snd long firing titles were there- 
fore chosen in preference to high-thrust rockets of short firing 
times.    Bio British ;;>-inch cordite rocket motoi, rated at 1200 
pounds thrust for 3-5 seconds, was considered to meot the power 
specifications and was chosen for urse in the EM-1 riodel. 

'! 

.   j- 

?rollminary calculations Indicated tiiat one roclcet motor 
possessed insufficient power to carry tiie estimate?, payload said 
structure of the EM-1 model to supersonic velocities. An 
additional power boost was therefore rotiuired. In ^re^erence to 
using a catapult launching raiip which entailed a lo?'£e expenditure 
of work and tins, it was decided to design the rJi-1 as a two-stage 
rocket. With sucli an arrangement, the test body of the ÜM-1 model 
would be attached to a booster tail rochet that would Jettison 
Itself after its fuel had been expended. Althouji the problems 
presented by a two-stage rocket system at first apjjsarefi formidable, 
it vas felt that ouch an arrangement would ultimately prove superior 
to O-hher methods of providing boost. 

Aerodynamic and Structural Design 

An over-all layout of the RM-1 configuration is presented 
aa figure 1 and a photograph of the vehicle is shown as figure 2. 
B»e principles underlying the component deBign of tills aircraft are 
discussed in the following sections. 

Body deslCTi.- The results of the investigation reported In 
reference 1 show that Increasing the fineness ratio of*a body 
reduces its drag at supersonic velocities • Later results obtained 
In the Langley flight Besearch Division Indicate that fineness ratios 
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of the order of 12 to 15 percent may be optimum for low dra£ at 
transonic velocities.   A cylindrical body was thorefore designed to 
possess a finen3ss ratio as cloae to the optiianm. ae possible and 
yet bo compatible with structural and installations! requirements. 
Bio diameter of the cylindrical body vac restricted to 6 inchos, 
the iiilninnaa else required to house the sustaining rocket and yet 
oan-y the eatinated structural loads and intern?! e.iperatus.   A 
esvU.! conical nose wa3 faired into the cylindrical pert to form 
a body of fineness ratio 92,5.   This conical-nose section was chosen 
after a study of the results of reference S which indicate that 
Ulis shape would probably be as good aerodynamically as more refined 
shapes for use with bodies of large fineness ratio. 

* 

Hie r>M-l body was designed to consist of a series of magnesium 
monocoque sections (see fig. 2), each section readily detachable from 
the others and housing separate parts of the equivalent. In addition 
to the convenience of maintenance and installation, this feature 
provides for rapid modification of body length. For tests of dummy 
models, the sections in front of the wing were replaced by a solid 
wooden body of identical shape and weight. 

Wlnp; and tail, design.- Recent developments in Germany and the 
United States isee references 3 and M have indicated the desirability 
of utilising evept-back plan forma to increase the critical Mach 
number (delay the advent of compression shock) and hence to delay 
the rise in drag and the loss of control effectiveness at transonic 
end supersonic velocities. Although it was realised that sweepback 
did not guarantee improved aerodynEHiic charactoi-iatics at speeds 
exceeding that correspondim to the critical Mach «vxibor of the 
swept-bade: sections, nevertheless its use appeared to offer the most 
favorable approach to the problem of maintaining control throughout 
the transonic and into the eiraersonic rangen of valocity. Win^s and 
fins of k$°  sweepbac}:, therefore, wera incorporated into the EM-1 
design. A sweephaclc nngle of ky° was chosen because it was large 
enough to indicate Uio influence of Bweepbaclc on aerodynamic character- 
istics but small enough not to introduce any serious structural or 
aerodynamic problems. Because of its hieb critical Mnch number the 
HACA 65-010 airfoil section was Incorporated into the wing and fin 
design. 

In order to minimize the rolling moments created by airplanes 
with swept-baolc plan forms when sideslipping at value of lift other 
than sero, a cruciform design was adopted for the wings and tall fins 
of the RM-1 model. With this arrangement the rolling moments created 
by one set of awept-baclc wings axe theoretically equal and opposite 
to those created by the other set. Actually, unpublished test data 
obtained in the Langley free-flight tunnel indicate that at moderate 
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HACABMNo. L6J23 CONFIIENTIAL 

end high euog7.es of attack or sideslip, body-lnterferonco and partial- 
blanketinn effects result In the creation of same rolling moments 
with sideslip. Bio wlng3 and fin3 of the RM-1 model were con- 
structed of laminated spruco stressed to take a 1?G load. 

Aileron-control desicji.- A plain-flap tralliriß-edss aileron 
eoatiol wns chonen for the first testo of the IM-1 model. These 
ailerons are mounted on two diametrically opposite wir.3S and are of 
33 percent semi span and 10 percent chord. As shown in figure 3» the 
alleronB ure equipped with a £0°-bcrvo"led trailing cCr.o  to .iiovide 
aerodynamic balance at subDonlc velocitioo end ai'o caiipletuly inass- 
balanced to avoid, flutter. They ait» hinged on a jiin which is internally 
spring-loaded to provide for eiuy removal *aid ins fcallation. Stops are 
provided to limit the aileron travol to -Il0o. The ailerons are 
constructed of oast magnesium to reduce their inertia and are aass- 
balanced by a strip of dense metal alloy which is attached to the 
leading ed{je of the control. 

"<! 

Booster-tail dostm.- A Btudy cf launching techniques indicated 
that the primary problem involved in the design of a second-stage or 
booster rocket Is that of keeping the booster rocket carefully alined 
BO that its line of thrust passes through the center of Gravity of 
the airplane. If thin allneaent is not accomplished, the booster 
roctot will crer.te large asyrametric moments that, t.t launching or low 
speeds at which the eorcdynamic damping of the r.irvlane is email, 
will result in violent maneuvering an<" eventual destruction of the 
airplane. It is alco required that the boouter sswsrate positively 
but smoothly after firing to avoid j --iriuc the main body end that 
those alas be accomplished with a ntinimuu of additioiial weight. In 
addition, the rearirvrd (destabilising) movfibasnt of the center of 
gravity caused by booster attachment must be accounted for by addition 
of suitable stabilizine surfaces. Theso problems wore solved tie  follows: 

Cruciform triangular tail surfaces were attached to the rear end 
Of the booster rocket to ccKpcnsate for the loss ir. static stability 
caused by rearward movement of the center of gravity. The effectiveness 
of these surfaces was determined by tlie theory of reference ? and 

checked by drop tests of rr-scale dyiiamic models. 

In order to avoid mlsalinemont of the boostev thrust axis, a 
special fixture was designed to attach to the front end of the booster 
rocket. This fixture (see fig. h)  was dosijned ti i-tlllze the nozzle 
Of the sustaining rocket as an alinonent itu,   fthxi assembled, the 
booster-fixture elide fits into the nozsle of the sustaining rocket 
and thereby prevents bending movements in an;'' direction. The thrust 
of the booster rocket was transmitted to the lip of the sustaining- 
rocket nozzle so that no load was brought to bear on the internal 
plug. The booster fixture was also equipped with a compressed spring 
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which was designed to eject the booster from the sustaining nozzle 
after booster firing (in the event that the drag of the booster 
unit vae insufficient).   Shis spring vaa held in ita cowproDsed 
position by means of c. friction-grip assembly tijitfjiied vith two 
hollow bolts containing delay-ipnltion explosive caps.    These caps 
were wired to the firing circuit und were sot to rolcaae the friction 
grip aftor the missile was launched.    Bio spring vas re?.easei auto- 
matically after the booster thrust fell below 150 tiovuds. 

Automatic -allot deaign.- An all-electric, flicker-type automatic - 
pilot design consisting of one rate gyroscope taii cne dieplf.cewent 
gyroscope, Boloncid servomechanS Bias, *nd the tetdliiv.-edce aerodynamic 
control was desiyied to stabilise the BM-1 Model in voll.   This 
system was chosen because of its simplicity and bocauee of its 
inherent quick-ccting oporation.   A schematic layout of this oystem 
is shown in figure t>* 

In operation, a deviation of the an,-^lo of bani. Mid/or rolling 
velocity is detected by the yyroscopeo which by sunn", of a two- 
segmsnt commvtator, rolay the proper electrical signal to the 
solenoid servomsch'Miisms mounted in each wlnc>   Energization of the 
servomechanisms caur.es an abrupt deflection of the aerodynamic con- 
trols« 

Hie commercial ante gyroscope ueod in the BM-1 tests is equipped 
with stops which liLilt its action to angles of bail!: within tlV5. 
At angles of bank greater than these limits, control signals are 
determined solely by action of the displacement cyi-osco.ne (right 
bank reoulting in left aileron; left bank rosv.ltiv.'. in rieht aileron). 
Within the rate limits, however, the rate gyroscope primarily 
determines the time of signil reversal, being so arrengad as to cause 
the control motion to lead the body motion.    (Confcol reversal is 
accomplished prior to reversal of the anile of ban!:-) 

Because it waB realised that the ttas lag between the time of 
signal reversal and the time of full-control application would be 
the determining factor of the amplitude of the ruckle-of-bank 
oscillations under automatic control, every attempt vas made to reduce 
the mechanical and olectrical lag in the autoraatic-pilot system. 
Particular emphasis was given to reducing the tiipo lag in the servo- 
mechanisms.   The lag in servomechanismo, after development, vas of 
the order of 0.03 to 0.05 second - values defining 'die time interval 
between the time an electrical signal V&B introduced into the solenoid, 
coils and the time the aileron controls readied full opposite de- 
flection (*10°).   The power characteristics of the servonechanlsaia 
are shown in figure 6. 
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APPARATDB ADS raSTflTMENTATIOT 

Launching Apparatus 

The HM-1 test todies were launched from a zero-length launching 
rug), a sketch of which is shewn as figure 7« Hie launching ramp 
consists of a box team mounted on a T-shape base and hinged at the 
junction of the T. The freo end of the team is supported on a pin- 
ended strut vhich can be adjusted to raise or lower the end of the 
ramp and thus adjust the sdssilo launching cngle« 

When mounted on the launching romp, the BM-1 model is sup- 
ported either by two support arms or by one Buriport arm and a tail 
rest. If the model is to be fired with a booster rocket, both support 
arms are used; if fired without a boostor, one support arm and the 
tail rest are used. The support arms ore hinge-pinned to the ramp 
and are held in a retracted position by elastic shod; cords. When 
a model is mounted on the ramp, a component of its weight holds the 
support arms eract. When the rocket is fired, the elastic cord 
causes the arms to retract into the ramp in order to clear the path 
of the airplane. A photograph of the KM-1 model mounted on the 
launching ramp is sham as figure 0. 

1 I 
<t 

• .i" 

Radar Equipment 

A continuous-wave Dopplor effect radsr set, the AJC/TPS--.3 
(BOO fig. 9), was used to obtain velocity-time records of the BM-1 
model during the early part of its flight. This radar set is 
a ground installation that transmito continuous radar signals of 
known frequency and wave length along a cone-shape pp.th of vertex 
angle of 7°* Reflected radar echoes from a moving body are received. 
by antenna mounted near the transmitter and are merged with the 
transmittod cignals. The rosaltent beat frequencies are a function 
of the body velocities and are recorded as a trace on a chronograph 
device. The flight velocities are than determined frcm the chrono- 
graph records. 

V,- 

Badio Telemeter 

Instrumented models of the BM-1 model were internally equipped 
with a four-channel radio telemeter developed by the Instrument 
Research Division of the Langley Laboratory.   A photograph of the radio- 
transmitter part of ttiis device is shown as figure 10.   In operation, 
•the movement of one of the Instrument commutators modulates tiie 
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frequency of a subcarrier which, in turn, modulates tiie amplitude 
Of a high -frequency radio carrier. At the ground receiving stations, 
the radio carrier is detected with a wide-'band receiver and tiie eub- 
carriers are fed to a sot of four diacriainatoi-s each of which is 
tuned to one of the center frequencies of Uio oubcarrier. Hie output 
of each discriminator la proportional to the deviation of ttie input 
frequency from the center frequency and is recorded by a multiple- 
element recording galvanometer. 

Photographic Apparatus 

Photographic inetallations were used throughout the tests of 
•Uie KM-1 model to observo launcher operation and General flight 
behavior. Theso inetallations included Mitchell 35"millimeter 
notion-picture cpmeraa, Cino -Kodak 16-milllTneter cameras, and Array 
K-Q:h aerial cameras in ground implacsmontB. Tho K-24 cameras were 
UBod primarily to record laiuicher operation and operated at approx- 
imately 3 frames per second. Sie Mitchell and Cine-Kodak cameras 
operated at 125 and 04- frames per second, respectively. 

I 

REDUCTION OF DATA 

Accuracy 

Tho items telemetered in some of the teBts reported herein 
were angle of bank, normal acceleration, longitudinal acceleration, 
and total pressures«   Experience has Bhown that the total error 
Involved in the telemetering of quantities such as these is of 
the order of 1 percent of the maximum scale readings.   Consequently, 
the telemetered items are believed accurate within the following limits: 

Longitudinal acceleration   .......... to.log 

Hormal acceleration   ...... tO.lOg 

Total pressure . • . .   to.5 in. Hg 

Angle of bank relative to gyroscope reference       t0.9 deg 

Determination of Flight PaUi 

The flight-path characteristics of tiie BM-1 model were 
tetexatuel as follows: 
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If the assumption la node that the static stability of the 
EM-1 model Is vory large, the aircraft will tend, to aline 
itself with the relative wind at all times and the forces acting 
on it are thoso shown in figure 11(a).   Resolution of ihose forces 
along the longitudinal and noraal body axes of the modal yields 
the relationships 

>   longitudliir.1 forces = Maj, • T - D - W ein 7 

^>   Normal forces • Majj •» - W coo 7 + L 

(1) 

(2) 

Dividing equations (l) and ('c) by the mass M gives the acceleration 
equations 

T - D 
G sin 7 

g coe r + - 

(3) 

(*) 

Ihe quantities 
T - D L 
—r;— of equation (3) and - of eouatlon (*v) 

represent the relative accelerations of the FM-1 medal and can 
be directly obtained from •'»lemoterod acceleration data. Solution 
Of equations (3) and (U) for tie flight-paüi angle 7 by direct 
mathematical methods is difficult be^u3e 7 is a function of the 
aocelor&tions aj, and ßjj. Coaeequoucly, reeouroe vas made to a 

•tep-by-etep integration as follows: 

Values of 
T - D 
M and •- against time were obtained from 

telometOx-od records and the total tins 3cale was divided into a 
series of time increments At i?i length. When the value of a 
quantity at the start of a time increment is denoted by the subscript 
a and the value at the end of an Increment by n + 1 the following 
Iterant relationships can be set up: 

•^n+l) V   M   /( /(n+1) 
g sin 7, 

(n+1) 
(5) 

> 

'(n+1) 
- - g ooe 7 

(n+1) (ty n+1) 
(6) 

r(n+D"^+A7 
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AVM 
vLn + aLn At  VLn + *VL  t(n+l) 

(») 

ft. 

A vectorial representation of equation (8) is shown as fifpira 11 (t). 
In order to start tho trajectory calculations, it is nc-cesaary to 
know only the launching conditions. At tiue t = 0, the flight-path 
ancle is equal to tho launching angle e, and Vj^ and Vjjn are 
zero. These condltiona are assumed to persist through the fir3t 
time interval. 

During tho tine interval between t = 0 and t • At, therefore, 

i- >*- •' 

it; • •* 

I*: • 

ftL 

aj} = -g cos E   + 

g sin e 

(*L 

(9) 

(10) 

where   (    Z,    )       and   (-j\      are values taken from the telemetered 

data and averaged over the period   At. 

From equations (9) and (10), values of   a^   and   ajj   during the 
first tin» increment can te determined. By use of equation (8), A7 
and hence 7 at the end of the first tima jeriod can be determined. 
The value of    7   obtained in this manner can then be introduced into 

T   - 75 T 
equations (5) and (6) with new values of    —j:—    and   -    and the 

flight-path changes occurring in the second ttee increment then 
determined.    The procedure is repeated for as lone an desired and 
yields the tin» histories cf the flight-path angle and the body 
velocities.    Integration of the velocity curves will produce altitude 
and range data. 

Determination of Velocity 

Velocity values were obtained from the Soppier radar records 
by a simple mathematical treatment Involving the recorded frequencies 
sad the wave length of the transmitted radar wave. 

. Velocity data were obtained from telemetered longitudinal 
acceleration data by the following procedure: 

The variation of longitudinal acceleration in   g   units with time 
was determined from the flight records-    These values were corrected 

:«5*^~::    • .-..,    .......... ^..v^«,. 
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to absolute accelerations by (subtracting täie gravitational p.ccel- 
eraticn component   « sin y,   where the flight-path 8J13I0    y   1B 
positive in climbing flight.   Tho absolute acceleration was tiion 
plotted against tin» and the curve was integrated tc yield longi- 
tudinel velocity. 

Total-pre psure measurements wore converted to Mach nuuibor by 
utilizing tlie following theoretical expression ohteinod fron 
equations in reference C. 

pi ^-^(a^-^i)1^^ 

This expression defines the ratio of tlie total ^resBure "behind a 
normal shock wave p, to tho static pressure in tlie free stream 
p. in terms of Mach nuehor M. Tho total pr-.'essuro p, was obtained 

directly from teat data. Tho static pressure pj_ was obtained frem 
standard atmosphere tables (reference T) ^ftor tho detei-aiin-itlon of 
•Ü10 BH-.T. trajoutory by motliodfl äisc-üseod previously i;i tlie present 
section. Tho ratio of specific hc:ito k van choson us 1.1* for all 
calculations. 

?! 

The spc od of soitnd   c   used to convert velocity to Mach maibor, 
was obtained from tho relationship 

/FPT 

whoro tho !jis constant for air   I?   wes choson OB 17l5, end 
tho P\ f»on 1?«; +cr'«'iT,aturo in °F at alti^rido. 

ia 

Drag and Normal Foroe 

The drag of the RM-1 model In pounds was obtained by multiplying 
Hi« telemetered pever-off longitudinal acceleration in g units by the 
weight of the missile. A similar procedure i-eGaacdlng normal acceler- 
ation waB used.to obtain normal force. The drag coefficient vas 

calculated from the relationship Cjj •= —-. (See reference 1.) 

r: 
i. 

In certain cases, this coefficient was corrected to plan-forn area by 
Multiplying CD by the ratio F/S, where S is fee combined exposed 
areas of four wings and four tails. 
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Angle of Bank 
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The telemetered, records were converted to nagle of bank 
directly by use of preflicht calibration results. 

BESTJLIS AtlD DISCUSSION 

Launching CharacteriaticB 

Calculations.- In order to estimate the launching characteristics 
of the model, its drag and thrust characteristics were estimated, 
and the step-by-step system of calculation discussed in the preceding 
section wao utilized to calculate the fllfcjit-path characteristics. 
The estimated drag curve ussd in the calculations is shown in figure 12 
and is based oci results presented in references 1 and 8. Figures 13 
end lU present the calculated zero-lift trajectories of the EM-1 model 
launched at different angles, with and without 'booster, for 
design gross weights of 110 pounds for the basic body and 65 pounds 
for the booster staße. The calculated variation of maximum velocity 

with launching an^lo is shown in figure 15» 

The launching calculations indicated that the second-stage 
rocket would increase the maximum volocity of the ".M-l model by 
approximately 33 percent. (See fig. 15.) It was alBo indicated, 
that the variation of maximum velocity with Launching angle would 
he small although highest velocities would be encountered at lowest 
angles because of relieving gravitational effects. 

A launching angle of 60° was solected for the tests because 
Lover angles produced trajectories less suitable for radar tracking 
and. higher angles caused unnecessary reductions in maximum Bpeed« 

The calculations also showed the necessity for strict weight 
control. Figure 16 presents the variation of maximum velocity with 
overload weight for the RM-i model launched at 60°, TheBe data 
•how a Biiable reduction in top speed with increase in overload 
weight, the top speed decreasing approximately 100 feet per second. 

for each 20 pounds added to the main body. 

Dummy fllj&t tests.- The first BM-1 model to be fired was 
a dummy body of 127 pounds grosB weight equipped with a booster tall. 
The launching apparatus functioned perfectly in this tost as in all 
others, and released the model without any noticeable disturbances. 
A photograph of the model leaving the launching ramp is shown as 
figure 17. Although the aircraft functioned well during the early 
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part of ito fli<jht, it did not roach its tog e~ieeA because of 
failure of tho booster-rejection apparatus to reject ths booster 
tail.    Sentry circuits thereupon prevented tho sustaining roc-;ot 
fron firinc and the entire acsembly remained together throuc^iout 
tho flic'it. 

Although  tho model launching CJ.& not accomplish ito ultfcnato 
aim, the results of tho first test deuonstratod th- t a two-Btape 
rocket cou].d be launched Dimply and satisfactorily irom a zero- 
length launcher and that the stability of the missile plvs booctor 
tail was adequate.    In order to detomine the stability of the 
basic body, a second dummy Et*-1 model wao fireel wf.tjout a booste?^ 
tail,    (oeo fif,. lG.)   A sain ] aimchirv; was unffiir.eO. end the air- 
craft control-fixed flight was ccnoletoly stable. 

Tho failure of the boo3ter-rojection imJt to function properly 
was belli .xd to have arisen fron fa.ilv.re, prio • to flight, to 
compresi; fully the rejocting spvine.      (See ri~. h.)    Consequently, 
the booster thrust Jawaed tho alinement cono in^.o the suBta.it.in13 
rocket nozzle and thereby prevented rejection of tf-e boooter tn.il. 
A new booBter-rojection unit vao therefore dcoi^r-ecl (nee fl;> 1?) 
which avoided this difficulty and, in addition, lessened the wei£»t 
of the unit. 

Tho third lunray fired consisted of the basic befiy with the 
revised booster teil.   All aopars-tua fineblonsd c.s teairod - launching 
and booster separation were accoiaplished without -.iiishfip.   liidai- 
rocords obtained in this test are shown converted to voloeity in 
figure £0.    These data indicated that the Eiaximun cvoeA measured in 
the test was well into the supersonic ranr;e (M = ;.voprojc. 1.1») and of 
the order of tho values calculated by the step-by-step procedure. 

It was noted fror» motion-picture recoi-da of tie third flight     ~ 
tliat th3 sustaining rocket fired almost iiuKediate!/ E-fter tJjc booster 
unit had boon rejected.    This condition arose as a iouv.lt of tho 
Increase in the booster-rocket burning tine duo to the low atmos- 
pheric terncraturcs prevalent at tho time of tho test.    This phenom- 

», if accentuated further, could have led to an explosion of tho 
lining rocket due to blocking of its nozale.   Additional ctilcu- 

lone were therefore made to dotermino the effect of increasing 
lag between the two rocket stagos.   Those results indicated 

I* small decrease in maximum velocity for reasonable tin» lags. 
' juently, the arming circuits wore roarronned to provide a less 

BUS (s-see) firing lay m the next testa. 
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lÄteral Stabilization and Control Fli^t Teats 

The conclusion of the dummy tests provided a pilotless- 
aircraft arrangement that could be launched, flown, rod tracked 
up to velocities corresponding to a Mach number of approximately 
l.fc.    The aircraft was therefore equipped with apoai-r.tuo euitibia 
for a quantitative lateral-control inves tisatior..   For this phase 
of the flight inveotication, the modol was equipped with its 
flicker automatic allot and tiie four -channel telemeter. 

•-••;::* 8fh\': 

Flight of fourth model. - The fourth model having a groBB weight 
of 12^ pounds wne launched equipped witii telemeter and autaaatic 
pilot. Although the launching was successful, the airplane failed 
to reach supersonic velocities owing to ignition failure of the 
sustaining rocket after the booster had been rejected. The velocity- 
time data obtained in thlc flight frco t}\e radftf date, are given in 
figure 21. Hie radf.r recordB show that tiie maximum speed attained 
by the EM-1 modol was approximately 700 feet per second. 

Because of the low speeds obtained in the fourth flight, only 
tiie angle-of-ban!: telemeter records possessed qucjititative signifl- 
cance. These data indicated that satisfactory ban!: stabilization 
of approximately tU° amplitude was obtained throughout the entire 
flight. 

Fli/:iit of fifth modal.- The launching of the fifth model, a 
configuration identical in shape and equipment with that of the 
fourth, was completely successful. Ho difficulty was encountered 
in launching; tiie telemeter operated satisfactorily throughout the 
flight; and the model was tracked by radar over moct of its initial 
flight path. Time histories of the longitudinal raid nomal acceler- 
ation and total pressure obtained fron the telemetered data are 
given in figure 22. 

Velocity measurement.- A comparison of velocity date as obtained 
fron Integration of the longitudinal acceleration data, total-pressure 
measurements, and radar records is given in figure 23- Theae data 
Indicate good agreement between tiie throe experimental techniques of 
Telocity measurement. Particularly Good a£p.*ee:aeni (within ±? percent) 
ni obtained at the transonic and supersonic velocities after tiie 
Ignition of the sustaining rocket at t = 5-75 seconds (a^prox.). At 
lower velocities and times than those corresponding to this value, 
discrepancies In velocity values were more evident. 

The acceleration data are believed to givo tae moct accurate 
velocity measurement at small flight times and hence Pt low speeds. 
Since errors are accumulative in an integration process, however, 
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I 

the velocity error nhov.ld Increase with time. Based on the telemeter 
accuracy previously mentioned (0.l6g), velocity errors from acceler- 
ation flat» were estimated to be of the ordei- or fco feet per aecond 
at speeds below 700 feet per second and about tf'-O feet per eecond 
at jiiPXlrmm speed» 

Actually, It Is believed that tho accuracy of ihe acceleration 
results Is much better than the foregoing estimates because of the 
clone agreement of the acceleration data wich tho total-pressure 
data at high speeds, «here the total-pressure process Is believed 
to be more accurate» At the top Telocity recorded In the flight, It 
la believed that tho total-pressuro measurements are accurate within 
120 feet per second; however at low subsonic velocities the total- 
pressure data can have Inaccuracies of over tioo feet per second 
based on the previously mentioned telemeter aewracy (iO.p In. Eg). 
Because the telemeter pressure ccmnutator must be constructed in 
such a manner that it will be capable of measuring tho high Impact 
pressures associated with transonic and supersonic velocities, It 
cannot be expected to measure accurately tho relatively low impact 
pressures associated with low subsonic velocities« de low-speed 
part of the velocity curve obtained from impact pressure data has 
therefore been omitted from figure S3» 

Tho radar method of measuring velocity is believed to be the 
most accurate of tho three methods employed» It is believed that 
velocity can be reduced from the radar data within iio feet per 
second of tho true velocity values. This error Is booed on the fact 
that the longitudinal axis of the model la not constantly In line 
with the radar beam» It should be observed., however, that this 
technique, like the acceleration method, registers ground speed 
rather than airspeed and hence may differ from total -^pressure values 
depending on the winds encountered in flight. On the firing date, 
the winds at altitude were less than 12 feet per second; hence their 
affect upon the correlation of velocity techniques should be small. 
Although the radar data wer« to excellent agreement with those obtained 
fi-om otiier methods ofter % m 5.75 seconds, the radar data read low at 
"t."BOB"preceäin"n i.*. v.'.:-;. 'he reason for the discrepancy is 
believed to bo that the radar was reading the valocity of tho booster 
tnil during the coasting peiiod. »or a short period of time, the 
booster would remain bohind and directly In line with the model. 
Because of limitations in rada(R recording equipment, It w-is possible 
to obtain radar data for only a short period of ti:va. In order to 
obtain the most valuable date, the equipment was not put In operation 
until approximately k.5  eecond« after the model was launched. Ae 
ndioated to figure 23, no rado* data ore available after a.iwroximately 
7«? seconds. After tills tij.10 .gflhe traclasro were unablo to keep the 
radar beam on the model. 

I 
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Inasmuch as the acceleration data a^eed eloael;- with other 
data at tranDcnlc rind auTerrjcnic velocities end s:\r.ce tie   iccolejÄtiaa 
date are believed to be the mo3t nccvirete data. e.vaile.blo at subsonic 
velocities, these data wore u.ood to tief ins ths volecity character- 
iBtics of the £ if tli flight of the BM-1 uodel. 

A canpari3on of the reaulto in figure T-3 wit»-, those ii; figure 20 
shows that the raxJjaun voloolt;' of tho KM-1 ir.oC-.ol in ita fIf th 
flight wao somewhat siaal?..er tinn recorded by the 'i-ivlar for the 
third flight.   This difference in maximum velocity is believed to 
he largely due to an inequality in rocket thrust.   Tho thrust of the 
•booster an?, sustaining rockets of the fifth model is shown in figure 2k. 
These flat*, wore obtained Ly udri.in'i tho di's.-.-, in coasting flight to 
•liie ttiruut curvos in power-on flijht and indicate that the sustaining 
rocket of tho fifth model produced loss than its rated thrust (lSOO 11)). 
Calculations indicate that if the rsustaininc! rocket liad produced tiie 
sane tlirust as the booater rocket, a maximum volocity in excoBo of 
that corresponding to a Mu.ch number of l.U vou?.d have been obtained. 

Drag data.- The over-all drag and drag coefficient (bated on 
maximum body frontal area) of the 1M-1 modal in power-off flight 
are shown plotted acainst Mach number in figure 2?. 

The drag data for the BM-1 model Bhow that tUe wins and tail 
surfaces experienced sharp drag increases in the M&ch number region 
between 0.$>5 and X.Oh.   A more Gradual increase in the drag coefficient 
occurred at Mach numbers in the vicinity of 0.00 to O.95.   This drag 
rise was prohably caused by shock loases on the i>.GClage inasmuch as 
data from reference 1 indicate that a hi;h-fineness-ratio fuselage 
reaches its critical .speed in this region. 

At supersonic velocities, tho drag rose more ;_,?adually causing 
a near-linear decroaso in the drag cooffielest. 

Drag results for the EM-1 model are in agreement with theo- 
retical prediction and test data measured, by other investigators.    The 
critical opeod range noted in the present tests is in good agreement 
with that obtained in wing-flow tests of a wlnr; plea form similar to 
that of the RM-1 model but of hither aspect ratio.    (See reference 8.) 
In addition, the theory of reference 3 indicates that the critical 
Mach number of a section increases as tho cosine of the sweep angle. 
The critical Mach number of an airfoil section (NACA C5-P10) similar 
except In camber to the tost section is estimated i'rai low-apeod 
pressure measurements at M • 0.75.    (See reference 9.)    If the gain 
In critical speed varied as the cosine of the oveovi anrjle, the test 
wing would have been expected to reach its critical, speed at M = 1.06. 
Three-dimensional effects were apparently responsible for reducing 
tfae gain in critical Mach number predicted by two-dimensional theory 
to value» measured in the tests. 
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A comparison of fa-ar.-coefficient data for the lUl-l ricrtel with 
similar data obtained In testa of a research model (-the EM-2 aircraft) 
equipped with 1»5° swept-baok wings by tfie flight techniques of 
reference 10 Is shewn in figure 25. All drag coefficients ehown 
in this figure are based on total exposed wing awl tail area to 
facilitate a more direct comparison. 

Hie data presented in figure 26 show that the drag characteristics 
obtained, in tests of the RM-1 model are in agreement with tJioso 
measured for the RM-2 model. Die aircraft reached their critical 
velocities In the seme region and their drag coefficients are in 
fair quantitative agreement. Sie higher drag coefficients of the 
BM-2 model are ascribed to obvious aerodynamic differences in the 

normal-accoi.3rn.tlon da^a. • The normal-acceleration data plotted 
in figure 22 show that tho missile received a sharp Incremental normal 
disturbance (about 2g) when the sustaining rocket started firing. 
After the sustaining rocket was fired, only small values of acceleration 
normal to the longitudinal axis were experienced, which indicated that 
the missile was flying at a lift coefficient dose to its design aero 
lift coefficient. 

Lateral fllrtit dat*.- The flight hiBtory of the lateral behavior 
of the RM-1 model as obtained from telemeter records Is presented 
chronologically in figures 27 to 30. The results presented in figure 27 
show that the model received a alight rolling disturbance upon launching. 
Corrective control by ailerons was apparently applied as indicated by 
the reversal of the bank curve. At the 1-second mail:, tho data 
Indicate that the model received a large rolling disturbance causing 
it to diverge rapidly in left bank until the 3.7-second nark, at 
which time the control stopped the divergence and damped the motion 
to small valueB in slightly over 1 second. The cause of the rolling- 
moment disturbance is uncertain. The increasing slope of the bonk 
curve after the 1-second mark would appear to indie vfce that the 
control vos inoperative for a short time. Thus, it is possible that 
the control was Jammed for approximately 2 seconds. It is aleo noted, 
however, that the tins at which the control reversed -the rolling motion 
(3*7 see) corresponds to the time at which .the booster thrust began 
to diminish. It is possible, therefore, that 1he rolling disturbance 
was induced by power effects possibly through inflow effects in the 
neighborhood of the booster tail surfaces. 

Figure 28 ohai.'B that after tho ailoions' regained control of the 
r.odc i notions, excellent roll stabilization WM obtained, up to Mach 
numbers of 0.95 to 1.0. The ^reaonce of an out-of-trin rolling moment 
on the model Is Indicated by the aeyxjnetry of tho rolling curve within 
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one-half cycle. Figure 31 slicw3 an enlargement o:? the ictual 
telemeter trace at Mach nuyiborB near 1.0. An trro.roK3.i9r.to estimate 
of the size of thiB out-of-trim moment, and the aileron effectiveness 
was rsde by double -rtiffcrentictlr^; the ban1,: curve of figure 31 near 
its poak3 (whore rolling velocity, hence aerodynamic damping nctiaits, 
are aero) rnd by asoiuiinn, that the gross torque (control moment 
* out-oi'-trim a-.rrr.cnt) vua oqur.l to tiio inertia resisting ff.crxnt 1^0. 
This procedure indicated that at Mach numbers just below 1.0, tho 
out-of-trim moment was approximately 20 foot-Tiouruia a.3 conpared with 
a control moment of approximately 2? foot-pounds• 

After a Mach number of 1.0 was reached, the TJA-X model diverged 
rapidly in roll although ovidenco of ronbarlna control action 
persisted up to a Mach nralier of 1.1. At velocities higher than 
•that corresponding to this valv.e of Mach number the model rolled 
continuously to tho ri^ht with no evidence of operative control. 

The failure of the automatic-pilot system to stabilise the model 
occurred in the velocity ropion at which the owe^t-back wins became 
critical as indicated by tho drat; data. (See fir;. P.^.) In this 
region, test data obtained by me-ins of the winrj-Clow method (refer- 
ence 11) shew that trailinrj-edge controls mounted en swept-back 
wings undergo oomo loss of of fee ti venose. It is nrofcable, thero- 
fore, that the rolling aomonto created by tho IM-i ailerons were 
reduced at transonic end Bupersonic velocities to values at leaBt 
below that necessary to overcome the out-of-trim moments. It is 
also possible that a rise in aileron hinge moments occurrod at the 
critical velocity, which overloaded the BorvaaecJianismo and pre- 
vented control application. Further test3 are required, iicwover, 
to determine tlie quantitative nature of these phenomena. 

Tho telemetered data show that the EM-1 siodoi rolled con- 
tinuously to the right at Mach numbers above 1.1 at a rate of 
approximately 1 cycle per Eocond. As tlie model jnoaed its peak 
Telocity and entered its coasting period, evidence of restorative 
control again became evident as a Mach number of LI waa reached. 
(See fig. 29.) At a Mach number of 0.97, the control was sufficiently 
effective to halt und reverse the rotation and &ocd stabilization waa 
•gain achieved at subsonic velocities. 

The subsonic rolling.oscillation la shown in figure 30 and is 
typical of the oscillation induced by a rate-displacement flicker- 
type automatic pilot. If stops prevent the deflection of the rate 
gyro (as was true for the testa) the displacement gyroscope governs 
corrective control signal at largo displacement angles. When the 
angle of bank la reduced to smaller values, the rate gyroscope governs 
signal reversal and a high-frequency, small-amplitude oscillation la 
created within the angular range controlled by the rate gyroscope. 
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Hie data of figure 30 Indicate that the HM-1 model tended to 
Stabilise about a mean value of approximately 2?.° rirfit bank. 
Bile value la believed to fee in error because eijric.l reversal is 
not poselble with the automatic pilot employed at angles of bank 
greater then txh° (the outer limits of the rate band) provided 
that the spin axis of the displacement gyroBCO-je is in the piano 
of symmetry of the airplane« (See fig. 5«) It is probable, 
therefore, that the displacement gyroscope processed during the 
accelerated part of the flight and caused a rotary shift of its 
reference position to the right- 

The pertinent characteristics of the subsonic rolling oscil- 
lation have been summarised in figure 32 end show that both the 
amplitude and the period of the oscillations increased with increase 
in forward velocity« 2he amplitudes of the rolling oscillation 
during the coasting flight are larger than those at the seme speeds 
in accelerated flight probably because of the greater Initial rolling 
disturbance induced by the continuous right spiral at supersonic 
velocities« She tendency of the rolling oscillations to Increase 
with velocity is due to the fact that the rolling velocities Induced 
by a given control deflection also Increase with speed« Consequently, 
for a given automatic-pilot tlmo lag (time between detection of 
body deviation and time of control application) tho amplitude and 
period vill vary as a function of the rolling velocity and hence 
will increase with airspeed« It can be seen that in order to obtain 
supersonic roll stabilisation of the order obtained at subsonic 
vcloclties it will be necessary either to deorease the time lag of 
the automatio pilot or to reduce by Borne means the rolling velocities« 

M 

CONCLUDING HEMAHtS 

A basic research vehicle capable of attaining flight speeds 
up to those corresponding to a Mach number of l.k has been designed, 
developed« and put into operation« Zero-length launchers and various 
flight operational techniques have been devised which permit the 
successful operation of two-stage, rocket^powered, pilottess aircraft, 
and instrumentation has been developed which permits the transmission 
of data from a Body «wring at supersonic velocities. 

Data obtained from initial flight tests oonfiira the theoretical 
advantage of swept-back wings. Bra^ values obtain&e. at transonic 
end supersonic velocities wei-e in general agreemeiiS vita those 
measured by other flight techniques. Successful roll stabilization 

COWFIHEMnAL 
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ly inoatiB of a. rate-displacement flicker-type all-electric automatic 
pilot vas accomplished up to a Mach number of approximately 1.0. 
Excellent agreement WU.B ^.-cached asion3 throe methods of laeaovrlng 
tronsonic and supei-souic velocities. 

Further testa are required to develop aerodynamic controls and 
configurations mil table for operation at supersonic velocities and 
to develop aoana of providing adequate stabilization vlthln this 

region- 

Langley Manorial Aeronautical Laboratory, 
^National Advisory Comittoo for Aeronautics, 

Langley Field, Va. 
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RM I in   launching position 
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Figure 7. - RM-I  launching rack. 
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Figure 8.-   The KM-1 model with booster tall 
mounted on launching rack. 
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Figure 9.-   Continuous-wave Doppler radar set (AN/TPS- 5). 
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Figure 10.-   Radio-transmitter part of RM-1 model four-channel 
telemeter. 
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CONFIDENTIAL 

Horizontal   reference 

Flight path 

(a) External forces on airplane in free flight 

Horizontal reference    Vnti Qnn »at 

(b) Vectorial representation of iterant flight- 
path relationships (equation (6)). 

CONFIDENTIAL 

Figure llr RM-I   flight-path nomenclature. 
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Figure 17.-   Launching of RM-1 dummy with booster taU.   (First flight) 
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Figure 18.-   Launching of RM-1 dummy without booster 
tail.   (Second flight) 
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